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With the advancement of tumour-targeted therapy technology, the survival of
cancer patients has continued to increase, and cardiovascular events have
gradually become an important cause of death in cancer patients. This
phenomenon occurs due to adverse cardiovascular reactions caused by the
cardiovascular toxicity of antitumour therapy. Moreover, the increase in the
proportion of elderly patients with cancer and cardiovascular diseases is due
to the extension of life expectancy. Hypertension is the most common
cardiovascular side effect of small molecule tyrosine kinase inhibitors (TKIs).
The increase in blood pressure induced by TKIs and subsequent
cardiovascular complications and events affect the survival and quality of life
of patients and partly offset the benefits of antitumour therapy. Many studies have
confirmed that in the pathogenesis of hypertension, arterioles and capillary
thinness are involved in its occurrence and development. Our previous
findings showing that apatinib causes microcirculation rarefaction of the
superior mesenteric artery and impaired microvascular growth may inspire
new therapeutic strategies for treating hypertension. Thus, by restoring
microvascular development and branching patterns, total peripheral resistance
and blood pressure are reduced. Therefore, exploring the key molecular targets
of TKIs that inhibit the expression of angiogenic factors and elucidating the
specific molecular mechanism involved are key scientific avenues for effectively
promoting endothelial cell angiogenesis and achieving accurate repair of
microcirculation injury in hypertension patients.
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1 Introduction

Hypertension has a high prevalence in China and accounts for a large proportion of
cardiovascular diseases. Hypertension is also a major risk factor for cardiovascular-related
diseases. In recent years, a number of studies have reported a relationship between tumours
and hypertension. Tumours and hypertension have common risk factors and overlapping
pathophysiological mechanisms (Milan et al., 2014; Bray et al., 2021; Dolmatova et al.,
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2023). Therefore, several experts have gradually formed the theory
of onco-hypertension. Previous studies by our group have shown
that hypertension and antihypertensive drug use are closely related
to breast cancer. With increasing age, the incidence of hypertension
in breast cancer patients increases, and the mechanism is related to
inflammatory mediators and angiogenesis (Zhao et al., 2018; Wang
et al., 2021). Another reason is that women’s estrogen levels decline
as they age. Estrogen has a protective effect on blood vessels, so such
patients are more likely to induce hypertension. And estrogen for
breast cancer patients, with the increase of age, although estrogen in
the body decreases, but some patients may be converted to
androgen, leading to the increase in the incidence of breast
cancer. In recent years, new antineoplastic drugs have prolonged
the survival of cancer patients, but the increase in blood pressure
caused by new antineoplastic drugs and the subsequent
cardiovascular complications and events affect the survival and
quality of life of patients, which partly offset the benefits of
antineoplastic therapy. It is worth exploring this topic further.

2 Incidence of hypertension caused
by TKIs

VEGF signalling pathway inhibitors include monoclonal
antibodies against VEGF A factor, VEGF traps, monoclonal
antibodies against VEGF receptors, and TKIs (Pucci et al., 2019;
Le et al., 2021; Lawler, 2022). Studies have shown that the probability
of hypertension caused by VEGF signalling pathway inhibitors
during antitumour therapy is approximately 11%–45%, among
which the incidence of hypertension above grade 3 (referring to
CTCAE grade 3–4, that is, SBP≥160 and/or DBP ≥100 mmHg) or
life-threatening hypertension, even requiring emergency treatment,
ranges from 2 to 20% (Xu et al., 2021). According to the type and
dose of TKIs, the incidence of hypertension can reach 20%–90%,
and the incidence of severe hypertension can reach 6%–43% in
patients using TKIs alone or in combination. The incidence of
hypertension induced by TKIs is shown in Table 1.

Apatinib mesylate is an antitumour drug that was independently
developed in China and belongs to the class of TKIs. In the past, it
was mainly used for the treatment of solid tumours, such as

advanced gastric cancer or gastroesophageal junction
adenocarcinoma (Li et al., 2016). An international multicentre
phase III study (SHR-1210-III.-310 study) demonstrated that the
approved PD-1 inhibitor camrelizumab in combination with
apatinib had a significant survival benefit and a tolerable safety
profile in the first-line treatment of advanced liver cancer, with a
median overall survival (OS) of 22.1 months. It is the combination
therapy with the longest OS benefit in the first-line treatment of
advanced liver cancer (Qin et al., 2023). Therefore, the National
Medical Products Administration (NMPA) proposed the
combination of “Shuang’ai" for the first-line treatment of
advanced hepatocellular carcinoma, which is the first approval in
China to use a combination of PD-1 inhibitors and TKIs for the
treatment of advanced hepatocellular carcinoma. The application of
this treatment regimen has led to new drug options for patients with
advanced liver cancer. The resulting cardiovascular side effects of
nitrogen are also very noteworthy. Therefore, studying the
cardiovascular toxicity and side effects caused by TKIs is highly
important for guiding antitumour therapy in clinical cancer patients.

3 Causal relationship between
microcirculation damage and
hypertension

3.1 Microcirculation and related definitions
of microcirculation damage

Microcirculation typically includes small resistance arteries
(300–100 µm in diameter), precapillary arterioles (100–10 µm),
capillaries (5–15 µm) and venules (10–100 µm) (le Noble et al.,
2023). Various studies have shown that damage to microcirculatory
tissue may involve multiple mechanisms. The main categories of
such damage include impaired endothelial cell function, oxidative
stress, decreased angiogenesis (most commonly in patients after the
use of targeted drugs), increased endothelial permeability, enhanced
leukocyte adhesion, immune cell activation, lymphatic dysfunction,
impaired autoregulation, microvascular constriction, and
microcirculation obstruction (Sorop et al., 2020; Sabe et al., 2022;
De Ciuceis et al., 2023; Mengozzi et al., 2023).

TABLE 1 Incidence of hypertension caused by TKIs.

Drug Category Target spot Hypertension (%)

axitinib TKIs VEGFR1-3,c-KIT,PDGFR 22–84

cabozantinib TKIs MET,VEGFR2,RET,AXL,FLT3 28–61

Lenvatinib TKIs VEGFR1-3, FGFR 1–4,PDGFR, c-KIT,RET 42–73

Pazopanib TKIs VEGFR1-3,PDGFR, FGFR,c-KIT 40–42

Ponatinib TKIs BCR-ABL,VEGFR, PDGFR,FGFR,EPH,c-KIT,RET,TIE2,FLT3 53–74

regorafenib TKIs VEGFR1-3,PDGFR,c-KIT,RET,RAF-1 28–67

Sorafenib TKIs VEGFR1-3,PDGFR,c-KIT,RET,RAF-1 4–31

sunitinib TKIs VEGFR2,PDGFR,c-KIT 20–27

Wandtaneb TKIs VEGFR2,PDGFR,c-KIT 4–40
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3.2 Microcirculation and types of
microcirculation damage

Studies have shown a relationship between hypertension and
changes in the microvascular network in spontaneously
hypertensive rats (SHRs), with reduced arteriolar density and
increased postcapillary venule density (Martens and Gelband,
1998). It lead to increased postvascular resistance, which may
further contribute to the development of hypertension. In
addition, it has been shown that a sparse microvascular network
structure increases total peripheral resistance, which eventually leads
to increased blood pressure (le Noble et al., 2023). Many previous
studies have confirmed the importance of arteriolar and capillary
scarcity in the pathogenesis of hypertension (Levy et al., 2001; Levy
et al., 2008). That is, the rarefaction of capillaries may contribute to
the development of hypertension.

Microcirculation injury can occur through two main forms of
microvascular rarefaction (Agabiti-Rosei, 2003; Ungvari et al.,
2021). Functional rarefaction means that the total number of
anatomically present vessels is not reduced but rather that
perfusion of this part of the microvascular network is absent.
However, as the vascular tone continues to increase, the lumen
area increases, resulting in a decrease in the number of blood vessels
perfused. Structural sparseness also occurs, which reduces the
number of blood vessels that can be found during tissue
dissection. This reduction in vascular mesh may be due to
altered anatomical changes in the vascular segments or other
impairments in the vascular network during the growth and
development process during early tissue development. Several
experts have also noted that functional rarefaction can progress
to structural rarefaction in a rat model of SHR. However, there are
also studies showing that patients with essential hypertension,
recruitment of perfused capillaries is impaired, which can be
explained by both functional and structural rarefaction (Serné
et al., 2001). Therefore, whether the microcirculation dilution in
hypertension is structurally sparse or functional, or even both, will
be our further research plan. This part of the study is crucial for them
to identify the specific microcirculation sparse so that we can
improve and treat it according to the cause, especially in patients
with hypertension caused by targeted drugs.

3.3 Mechanisms of microcirculation damage
leading to hypertension

Microvascular injury plays an indispensable role in the occurrence
and development of hypertension, and some studies have shown that
it plays an important role in the progression of hypertension,
hypertension-mediated organ damage and related cardiovascular
events (Jonk et al., 2007; Karaca et al., 2014; Rizzoni et al., 2023).
However, the causal relationship between thinning of microvessels
and hypertension is difficult to explain, and some experts speculate
that diffuse generalized thinness of microvessels may be one of the
main causes of hypertension (Marinescu et al., 2015; Horton and
Barrett, 2021). In study, after 5 weeks of treatment with telatinib, the
capillary density decreased from 20.8 at baseline to 16.7 (Steeghs et al.,
2008). Mourad et al. reported a significant reduction in kinetic and
structural capillary density in a group of patients withmetastatic colon

cancer treated with bevacizumab for 6 months (Mourad et al., 2008).
However, this rarefaction is most likely functional because blood
pressure increases rapidly after the start of treatment and returns to
normal immediately after the discontinuation of VEGF inhibitors
(van Dorst et al., 2021). Therefore, further studies to determine
whether microvascular thinning is the cause or effect of the
actions of VEGF inhibitors on hypertension are highly
clinically important.

Animal experiments revealed that a rise in blood pressure leads
to an increase in the production of reactive oxygen species in mice.
Therefore, researchers have speculated that elevated blood pressure
may be responsible for microvascular function and structural
alterations, further contributing to the manifestation of vascular
thinning (Ungvari et al., 2004; Jacobson et al., 2007). However, there
is considerable evidence that microvascular changes may also be a
cause rather than a consequence of hypertension. In animal models
of hypertension, increased reactive oxygen species production and
sparse arterioles occur even in the vasculature not exposed to
hypertension (Boegehold et al., 1991). Our previous results
showed that blood pressure was significantly increased in an
apatinib-treated mouse model of gastric cancer, and sparsity of
arteriolar vessels was detected in the mesenteric arteries of
experimental model mice. Therefore, we speculate that the
microcirculation damage caused by apatinib during antitumour
treatment may be one of the main causes of hypertension.
However, this study did not further confirm whether functional
or structural vascular alterations are the cause, and it is very
important to clarify this classification for the treatment of
hypertension induced by TKIs. Because we did not further lower
the blood pressure after the elevation of blood pressure, we
investigated whether the vascular density of the superior
mesenteric artery in the mice was further restored.

In addition, microvascular rarefaction is observed in the early
stages of hypertension development, and microvascular rarefaction
can be detected in individuals with a family history of hypertension,
even if their blood pressure is normal. Similarly, in animal
experiments, microvascular abnormalities occur early in the
development of hypertension in SHRs (Antonios et al., 2003). In
addition, the latest results from our research indicated that the
administration of the ROCK inhibitor Y27632 can prevent
microvascular rarefaction caused by apatinib and improve blood
pressure (Wang et al., 2022a). Thus, microvascular growth disorders
may have given rise to a new paradigm of hypertension treatment
aimed at restoring microvascular development and branching,
thereby further reducing peripheral resistance and improving the
structural reduction of arterial blood pressure.

4 Relationship between
microcirculation-induced
hypertension and heart failure

Hypertension is an important risk factor for heart failure (Garg
et al., 2021). Long-term uncontrolled hypertension can exert excessive
pressure on the heart and gradually impair heart function, leading to
cardiac hypertrophy and decreased myocardial contractility. Over
time, this overload can impede the ability of the heart to pump blood
effectively, triggering heart failure (Slivnick and Lampert, 2019;
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Jackson et al., 2021; Redfield and Borlaug, 2023). The most common
type of heart failure is heart failure with preserved ejection fraction
(HFpEF). There are multiple mechanisms involved in the
development of hypertension from HFpEF, and these mechanisms
can be divided into several categories. The most common is
microcirculatory dysfunction, which mainly includes an increase in
inflammatory factors, the occurrence of oxidative stress, impaired
endothelial function, and the occurrence of vascular endothelial
fibrosis (Gryglewska et al., 2011; Paulus and Tschöpe, 2013; Stupin
et al., 2021; Marra et al., 2022).

Firstly, left atrial pressure increases in hypertensive patients, with
a consequent increase in left ventricular end-diastolic pressure, and
left atrial remodeling occurs. This process is an indication of left
ventricular diastolic dysfunction. Left atrial enlargement and
dysfunction, including reduced left atrial systolic reserve, can
eventually lead to the development of HFpEF (Nagai et al., 2023;
Li et al., 2024). Secondly, in patients with chronic systemic
inflammation such as hyperemia, systemic secreted inflammatory
cytokines can cause the accumulation and inflammatory response of
epicardial adipose tissue, which can promote the migration and
transformation of mesenchymal stem cells and local secretion of
inflammatory cytokines, leading to deep myocardial cell
inflammation, increased myocardial stiffness, deep myocardial
fibrosis, and finally HFpEF (Obokata et al., 2017; Gevaert et al.,
2022; Gao et al., 2023; Rossi et al., 2023). In addition, microcirculation
disorders also play an important role in the occurrence and
development of HFpEF (Camici et al., 2020). Systemic
inflammation can lead to microvascular inflammation and
endothelial activation, resulting in significant structural and
functional changes in cardiomyocytes and extracellular matrix,
including the decrease of NO and vasodilator peptide levels, which
leads to the enhancement of vasoconstriction, left ventricular stiffness
and myocardial collagen-ization, and ultimately the formation of
HFpEF (Vancheri et al., 2020; Agrawal et al., 2023). Overall, in
most patients with hypertension, left ventricular diastolic
dysfunction is the first apparent manifestation of heart failure. Our
previous study (Wang et al., 2022a) showed that apatinib increased
blood pressure in gastric cancer model mice, which further led to left
ventricular hypertrophy and fibrosis. Therefore, exploring the
mechanism through which apatinib-induced hypertension leads to
HFpEF in gastric cancer mice is highly important, as is exploring
drugs that can delay the progression of HFpEF.

Abnormal structure and function of miniscule arteries and
capillaries results in hypoperfusion of blood flow (Mourad and
Levy, 2011; Struijker-Boudier and Heijnen, 2011; Wu et al.,
2023). Studies have shown that sparse microcirculation may be
one of the main causes of hypertension (Ciuffetti et al., 2003).
Chronic high blood pressure damages the heart and blood vessels.
Pathological changes in miniscule arteries and capillaries, such as
intimal thickening, fibrosis, and luminal narrowing, further inhibit
blood flow perfusion (Triantafyllou et al., 2015). This
microcirculatory pathology affects normal oxygen availability and
nutrient delivery to the heart and other tissues (De Backer et al.,
2014; Cusack et al., 2022). Ischaemia and hypoxia lead to cardiac cell
damage and death, which eventually leads to weakened cardiac
systolic function and the occurrence of heart failure (Premont et al.,
2020). Therefore, microcirculatory impairment plays a key role in
hypertension and cardiac dysfunction. Therefore, protecting

microcirculation function is highly important for the prevention
and treatment of hypertensive heart failure.

5 Mechanisms related to hypertension
caused by TKIs

5.1 Relationship between VEGF signaling
pathway and TKI-induced hypertension

The most common pathways are the vascular endothelial growth
factor (VEGF), platelet-derived growth factor (PDGF), angiopoietin-
1, and Notch signalling pathways (Viallard and Larrivée, 2017;
Vimalraj, 2022; Huang et al., 2023) and so on. VEGF is one of the
most important proangiogenic mediators. Recently, studies have
shown that VEGF is the core factor affecting endothelial cell
angiogenesis and is closely related to hypertensive microcirculation
damage (Chade and Kelsen, 2010). However, the foundation of TKI
antitumour therapy is the inhibition of vascular endothelial growth
factor, which brings certain challenges to antitumour therapy. The
latest research fromour team revealed that in amousemodel of gastric
cancer, the mechanism of apatinib-induced hypertension in micemay
be related to the sparse vascular density of the superior mesenteric
artery (Wang et al., 2022a).

VEGF signaling pathway inhibitors include monoclonal
antibodies against VEGFA, vascular endothelial growth factor
inhibitors (VEGF trap), monoclonal antibodies against VEGF
receptors, and TKIs (Saif, 2013; Shughoury et al., 2023). TKIs are
effective signaling cascade inhibitors that inhibit tumor blood vessel
growth by inhibiting vascular endothelial growth factor receptor
(VEGFR) (Vano et al., 2022). VEGFR-TKIs have become the main
treatment for many solid malignant tumors. However, TKIs can
induce vascular endothelial damage, hypertension and myocardial
injury by targeting VEGFR, platelet-derived growth factor receptor
(PDGFR) and stem cell factor receptor (SCFR) (van Cruijsen et al.,
2009; Lennartsson and Rönnstrand, 2012). It can also damage
mitochondria and affect myocardial energy metabolism through
the “off-target effect", eventually leading to cardiovascular
complications (Tullemans et al., 2018; Rodríguez-Agustín et al.,
2023). Therefore, the incidence of cardiovascular toxicity related to
VEGFR-TKIs is high, which can cause the occurrence and
development of cardiovascular complications such as hypertension,
left ventricular systolic dysfunction/heart failure, and atherosclerosis.

Anti-angiogenesis targeting drugs mainly act on VEGF and
VEGFR. VEGFR-1, VEGFR-2 and VEGFR-3 are the major VEGF
receptors (Sallinen et al., 2009; Bernatz et al., 2021). VEGF inhibitors
can increase the risk of heart failure, coronary heart disease,
hypertension and thromboembolic diseases through endothelial
injury, vasoconstriction and remodeling, inflammatory response
and platelet activation.

5.2 Relationship between RhoA/ROCK
signaling pathway and TKIs-induced
hypertension

In addition, the latest study from our team revealed that apatinib
has a considerable therapeutic effect on a mouse model of gastric
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cancer (Wang et al., 2022a). However, apatinib can also lead to an
increase in blood pressure, accompanied by activation of the RhoA/
ROCK signalling pathway. And the ratio between vessel thickness
and lumen diameter was significantly increased in the apatinib
group. We also observed that apatinib in combination with the
ROCK inhibitor Y27632 did not affect the antitumour therapeutic
effect of apatinib. Finally, our combined administration of ROCK
inhibitors significantly reduced the increase in blood pressure in an
apatinib-induced gastric cancer mouse model (Wang et al., 2022a).
Therefore, Y27632 has wide application prospects for the treatment
of tumour-induced hypertension.

Further studies at the cellular level have shown that knocking
down the key gene LRAG in the RhoA/ROCK signalling pathway
can improve the abnormal proliferation and impaired cell function
of vascular smooth muscle cells caused by apatinib (Wang et al.,
2022b). This is mainly because apatinib can increase blood pressure
by activating the RhoA/ROCK signaling pathway. Therefore,
exploring the key molecular targets of TKIs that inhibit the
expression of angiogenic factors and elucidating the specific
molecular mechanism involved are key for effectively promoting
endothelial cell angiogenesis and achieving accurate repair of
microcirculation injury in hypertension patients.

5.3 Relationship between notch signaling
pathway and TKIs-induced hypertension

Notch and DLL4 are specifically expressed on vascular endothelial
cells (EC). JAG has been shown to promote cell survival and
proliferation, interacting with NOTCH and hematopoietic stem and
progenitor cells (HSPCs) (Kangsamaksin et al., 2015). In addition, high
expression of JAG promotes cancer development. We hypothesized
that inhibition of Notch signaling activation would not only inhibit
tumor development, but also help angiogenesis. Therefore, exploring
the mechanism of angiogenesis dysfunction induced during
antitumour therapy is highly clinically important.

Notch signalling pathway, as a classical signaling pathway, is
closely related to cardiovascular and tumor microcirculation.
Combined with our previous results, Notch signaling pathway
may also be involved in TKI-induced blood pressure elevation.
The regulation of the Notch signalling pathway is closely related
to the proliferation, migration and tube formation of vascular
endothelial cells during tumour angiogenesis. Further research on
the relationship between the Notch signalling pathway and tumour-
related cardiovascular disease is expected to lead to new therapeutic
strategies and targets for the prevention and treatment of tumours.

5.4 Other mechanisms associated with TKIs-
induced hypertension

At present, there are many studies on hypertension caused by
TKIs, and the relevant mechanisms involved may be related to the
following aspects: 1) decreased bioavailability of nitric oxide
(Robinson et al., 2010); 2) enhanced oxidative stress (Neves et al.,
2018); 3) increased secretion of endothelin-1 (Mirabito Colafella
et al., 2020); 4) decreased bioavailability of prostacyclin (Wheeler-
Jones et al., 1997); 5) increased bioavailability of endothelial

microparticles (Neves et al., 2019); 6) sparse microvessels
(Steeghs et al., 2008); 7) vascular sclerosis (Catino et al., 2018); 8)
activation of renin angiotensin (Li et al., 2022); and 9) salt-sensitive
hypertension (Tsai et al., 2017).

6 Role of the notch signalling pathway
in the cardiovascular system

The Notch signalling pathway is a common signalling pathway
that plays a certain role in cell development. The Notch protein is a
transmembrane receptor that is located on the cell surface and
mediates important cellular functions (Kwak et al., 2022; Takahashi
et al., 2023). The interaction between the Notch protein and its
ligand initiates a signalling cascade associated with cell fate that
plays a key role in differentiation, proliferation, and apoptosis in
many tissue types (Zhao et al., 2019; Li et al., 2020). The Notch
protein, as well as its ligand, contains extracellular EGF-like repeats
that interact with the DSL domain of the ligand. Activation of the
Notch signalling pathway is accompanied by proteolysis, which
releases the intracellular domain of Notch (NICD) (Sprinzak and
Blacklow, 2021; Fang et al., 2022). The NICD is a fragment
containing a RAM23 domain (RAM) that can enhance
interactions with the Notch and CSL proteins, thereby facilitating
the transmission of Notch to the nuclear localization signal (NLS)
(Lubman et al., 2007; Johnson and Barrick, 2012). The NICD
fragment can further mediate interactions with other proteins in
the Notch signalling pathway (Figure 1).

The VEGF signalling pathway interacts with the Notch
signalling pathway, coordinates the differentiation of arteries and
veins, and is also involved in changes in vascular budding and
vascular branching (Laham et al., 2003; Li et al., 2017; Souilhol et al.,
2022; Li et al., 2023a). In addition, the VEGF signalling pathway can
regulate key processes such as lumen remodelling of blood vessels.

Microvascular rarefaction leading to hypertension involves
multiple signalling pathways, such as vascular endothelial
development, angiogenesis, inflammation, oxidative stress, and
endogenous short peptides (Feihl et al., 2008; Bruno et al., 2018;
Do et al., 2023; Zdravkovic et al., 2023). Vascular endothelial cells
play a key role in maintaining normal vascular biological function
and regulating vascular tone. The abnormal regulation of vascular
endothelial growth factor and platelet-derived growth factor during
angiogenesis may also be involved in the occurrence of
microvascular rarefaction (Cohen et al., 2023). Studies have
shown that the Notch signalling pathway plays an important role
in angiogenesis (Maynard et al., 2003).

The Notch signalling pathway plays a key role in the regulation
of angiogenesis, especially in balancing the proangiogenic effects of
the VEGF signalling pathway. The Notch signalling pathway
antagonizes angiogenesis via VEGF signalling. It also stimulates
quiescent endothelial cells and promotes apical cell formation. Thus,
this pathway mediates the formation of vascular buds and the
further growth of new vascular buds (Marinescu et al., 2015).
Under conditions of stress, the cascade between Dll4-mediated
Notch signalling and VEGFA-VEGFR2 signalling induces
endothelial cells adjacent to the dominant TCS to maintain high
levels of Notch signalling, thereby inhibiting their differentiation
into TCShh cells. Furthermore, it can inhibit angiogenesis (Gerhardt

Frontiers in Pharmacology frontiersin.org05

Wang et al. 10.3389/fphar.2024.1346905

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1346905


et al., 2003; Jakobsson et al., 2010; Herbert and Stainier, 2011).
Angiogenesis inhibition is thought to be controlled by Notch 1-
mediated downregulation of Flt 4 and upregulation of soluble Flt 1
(sVEGFR-1/sFlt 1) (Chappell et al., 2009; Trindade et al., 2012). In
particular, upregulation of sFlt1 reduces local VEGF bioavailability
and inhibits angiogenesis. The Notch ligand Jag 1 is expressed
mainly in stem cells and is thought to specifically block Dll 4-
Notch 1 signalling in apical cells (Benedito et al., 2009). In the
cardiovascular system, excessive activation of the Notch signalling
pathway can lead to vascular endothelial cell proliferation and
congestion and an increase in vessel wall thickness, which leads
to vascular stenosis and hypertension (Niessen and Karsan, 2007;
MacGrogan et al., 2018; Gomez et al., 2021).

The Notch signalling pathway is also involved in the occurrence
and development of heart failure. Activation of Notch signalling can
lead to cardiomyocyte proliferation and hypertrophy and can also
affect angiogenesis and repair processes in the cardiovascular system
(Fortini et al., 2014; Matsushita et al., 2023). These changes may
adversely affect myocardial function and lead to the development of
heart failure. Notch1 is a transmembrane receptor found in a variety
of cells, including smooth muscle cells and endothelial cells in the
cardiovascular system. During heart wall formation, Notch signalling
regulates the ratio of cardiomyocytes to noncardiomyocytes by
inhibiting myogenesis, thereby further promoting atrioventricular
canal remodelling and maturation and heart valve formation
(Niessen et al., 2011; Peng et al., 2023). Activation of the
Notch1 signalling pathway is achieved mainly through the binding
of the Notch1 receptor to its ligand. When the Notch1 receptor binds
to its ligand, secondary cleavage occurs, and the active region of the
Notch1 receptor is released. Then the receptor enters the nucleus and
interacts with transcription factors to promote gene transcription and

expression (Wang S. et al., 2022). Studies have also shown that
activation of the Notch1 signalling pathway is closely related to
cardiac function and can affect the proliferation and differentiation
of cardiomyocytes, thus affecting the development and function of the
heart (Pahlavani, 2022). In addition, activation of the
Notch1 signalling pathway can also regulate the expression of the
actin gene in cardiac cells, affecting cardiac contractility and cardiac
contraction rhythm (Hrstka et al., 2017). Therefore, the Notch
signalling pathway plays an integral and critical role in
maintaining and regulating blood pressure and cardiac function.

7 Role of the notch1 signalling pathway
in tumour systems

The Notch signalling pathway is involved in cell-to-cell
interactions and communication and plays an important role in
embryonic development and the maintenance of tissue homeostasis
in adult organisms. Moreover, aberrant Notch signalling pathway
activity has also been found to be closely related to the occurrence
and development of a variety of tumour types.

In terms of tumours, studies have shown that abnormal
activation of the Notch1 signalling pathway is related to the
occurrence and development of a variety of diseases, such as
tumour proliferation and metastasis and abnormal responses of
the immune system (Yang et al., 2018; Peng et al., 2023). Therefore,
we hypothesized that inhibition of the Notch1 signalling pathway
may ameliorate the adverse effects on blood pressure and cardiac
function. Therefore, what is the underlying mechanism involved in
reducing blood pressure and cardiac dysfunction? This will be
another important dimension that needs to be studied.

FIGURE 1
Notch proteins are cell surface transmembrane-spanning receptors that mediate critically important cellular functions through direct cell‒cell
contact. EGF: epidermal growth factor, NICD: intracellular domain of Notch, NLS: nuclear localization signal, CSL: CBF1/Su(H)/Lag-1.
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In hepatocellular carcinoma (HCC), Notch signalling is
activated by different ligands and plays a polymorphic role
depending on the cell type, affecting tumour growth, invasive
ability, and stem cell-like properties (Giovannini et al., 2021).
Thus, interfering with Notch signalling may be a promising
therapeutic approach. In tumour therapy, the downregulation of
Notch1 can achieve synergistic effects and reduce chemoresistance
when targeted drugs are used alone or in combination with
chemotherapy. In addition, Notch mutations have been proposed
to be predictive biomarkers for immune checkpoint blockade
therapy in many cancers (Zhou et al., 2022; Li et al., 2023b).

8 Possible treatment of hypertension
and myocardial damage caused by the
notch signalling pathway

Recently, it has been observed that Epac1 can negatively regulate
the Notch signalling pathway. Epac1 knockdown in endothelial cell
lines resulted in a significant increase in the intracellular
Notch1 protein level, and Epac1 knockdown increased the protein
levels of NICD and DLL4, thereby further inhibiting angiogenesis.
Therefore, overexpression of Epac1 may be an effective way to alleviate
microvascular rarefaction (Fritz et al., 2015; Lan et al., 2020; Slika et al.,
2023). Interestingly, studies have shown that Epac1 knockdown can
inhibit pathological angiogenesis but has no significant effect on
physiological angiogenesis, which is worthy of attention and
discussion (Lan et al., 2020). Previous studies have shown that
Epac1 is a β-secretase enzyme that inhibits the activation of the
Notch signalling pathway (Fujita et al., 2017; Tan et al., 2022). In
addition, Epac1 has been shown to enhance the VEGF signalling
pathway and promote pathological angiogenesis (Namkoong et al.,
2009; Ramos et al., 2018). Therefore, we speculate that the occurrence
of hypertension caused by TKIs may lead to microcirculation disorders
and microvascular thinning, and overexpressing the Epac1 gene may
be a very meaningful way to improve or treat microvascular thinning
caused by TKIs. NOTCHmutations can be used as predictive markers
for treatment with immune checkpoint blockade in some tumors. In
summary, it is necessary to comprehensively evaluate the NOTCH
pathway from a new perspective, so as to apply it in the subsequent
clinical diagnosis and treatment.

9 Mitochondrial dysfunction may also
be involved in the regulation of notch
signalling

In addition, Epac1 can play a role in cell-to-cell molecular
conduction by increasing its interaction with macromolecular
complexes, including voltage-dependent anion channel 1
(VDAC1), chaperone glucose-regulated protein 75 (GRP75), and
inositol triphosphate receptor 1 (IP3R1). The interaction between
Epac1 and macromolecular complexes can further promote the
exchange of Ca2+ between the endoplasmic reticulum and
mitochondria, which can eventually lead to mitochondrial Ca2+
overload and the opening of mitochondrial permeability transition
pores (Fazal et al., 2017). Therefore, Epac1 is expected to be a new
target for the treatment of ischaemic myocardial injury.

Mitochondria are important organelles for cellular energy
production, and dysfunction of these organelles plays a key role
in the emergence and progression of cardiovascular diseases
(Poznyak et al., 2021; Wu et al., 2022). Normally, mitochondrial
proteostasis is monitored by an extensive system: the mitochondrial
unfolded protein response (UPRmt) is activated when mitochondria
are stimulated by misfolded protein stress. The latter promotes the
upregulation of ClpP, HSP6, HSP-60, ATFS-1 and other markers
through a series of signalling cascades to alleviate mitochondrial
stress (Merkwirth et al., 2016; Kumar et al., 2022; Xin et al., 2022;
Guo et al., 2023). Under conditions of stress, cells can protect
mitochondria by activating the UPRmt. It has been shown that
the inhibition of Epac1 prevents ferroptosis-induced cell death and
disruption of mitochondrial integrity, whereas the inhibition of
Epac2 has a limited effect (Laudette et al., 2021; Musheshe et al.,
2022). However, the potential effects of Epac on mitochondrial
function are still unclear, and additional experiments are needed for
further elucidation.

Several studies have shown that UPRmt activation is
accompanied by the upregulation of the mitophagy markers
PINK1, PARK2, BNIP3, P62, and LC3 and the mitochondrial
oxidative phosphorylation (OXPHOS) markers Cox5a, Cox2,
Nd1, and Sdhc. These results indicate that the UPRmt,
mitophagy and OXPHOS play synergistic roles in maintaining
mitochondrial protein balance and mitochondrial function (Kang
et al., 2017; Martinez et al., 2017; Sorrentino et al., 2017; Poole and
Macleod, 2021). The latest article published in NATURE refers to a
series of mitochondrial stress responses that cause abnormal
changes in the UPRmt, mitophagy, and OXPHOS under specific
pathological or stimulus conditions, such as the mitochondrial stress
response (MSR) (Ruan et al., 2017; Sorrentino et al., 2017; Jakobsen
et al., 2019). The MSR is a key mechanism regulating mitochondrial
protein balance and the mitochondrial stress response. EPAC1 can
activate the UPRmt and protect mitochondrial function.
Additionally, it is a key molecule that regulates the UPRmt and
mitophagy (Gariani et al., 2016; Jayarajan et al., 2019; Aslam and
Ladilov, 2021).

10 Summary

TKIs can induce vascular endothelial damage, hypertension and
myocardial injury by acting on the targets VEGFR, platelet-derived
growth factor receptor (PDGFR) and stem cell factor receptor
(SCFR). It can also damage mitochondria and affect myocardial
energy metabolism through “off-target effects", eventually leading to
cardiovascular complications. Therefore, the goal of antitumour
therapy is to maximize the antitumour effect while reducing
treatment-related cardiovascular events. Therefore, studying the
mechanism of hypertension during the treatment of cancer
patients with TKIs and finding compounds or key factors that
can reduce blood pressure without affecting antitumour efficacy
are highly valuable. We hypothesize that inhibition of Notch
signalling could ameliorate TKI-induced microvascular
rarefaction, thereby further ameliorating the increase in blood
pressure or the resulting cardiac dysfunction caused by
microvascular rarefaction. Overexpression of Epac 1, a key gene
in the Notch1 signalling pathway, can improve the pathological
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vascular inhibition induced by TKIs. The mechanism by which
apatinib, a representative TKI, induces microcirculation damage,
hypertension and heart failure through the Notch1 signalling
pathway will also be explored at the cellular and animal levels to
provide clinical guidance for patients with hypertension induced by
cancer treated with TKIs.

In summary, side effects such as cardiovascular toxicity caused
by antitumour therapy with TKIs have become one of the main
factors limiting antitumour therapy with TKIs. For the treatment of
such hypertension, the effect of traditional antihypertensive drugs is
not ideal, and traditional antihypertensive drugs are also closely
related to the occurrence and development of some tumours.
Exploring the underlying mechanism of cardiovascular
complications caused by antitumour treatment with TKIs is
crucial for ensuring the smooth clinical application of TKIs, and
identifying this mechanism is also an urgent need. New directions
for improving the treatment of hypertension induced by these drugs
should be explored. The ultimate goal of our team will be to improve
the clinical outcome as soon as possible and to provide greater
benefits for cancer patients.
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